ABSTRACT The cycloheximide-related loss of transport activity (manifested as a decrease in Vms for transport) in cultured Nil hamster fibroblasts was blocked by the addition-of carbamoyl phosphate, cyanate (a product of spontaneous phosphate elimination from carbamoyl phosphate), or ammonium salts to the culture medium. Acid proteases capable ofhydrolyzing a-N-benzoyl-D,L-arginine-f-naphthylamine (cathepsins B1, H, and L) were also inhibited in situ by ammonia and cyanate. The inactivation ofthese cathepsins by ammonia was irreversible and probably was related to the increase in the intralysosomal pH known to be caused by an accumulation of ammonia in the lysosomes. The inhibition of the cathepsin activity by cyanate in situ (and in cell-free extracts) was completely reversible and blocked irreversible inhibition of the cathepsin(s) by N-ethylmaleimide. The inactivation of the cathepsins caused by cyanate was deduced, to be the result of reversible blocking of suihydryl groups essential to the thiol cathepsin activity. The concomitant inhibition of thiol cathepsins and hexose carrier inactivation provided further evidence for the in-. volvement of lysosomal proteases in at least part ofthe mechanism that regulates the rate of hexose transport in animal cells.
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Cultured animal cells are capable of modulating their rates of hexose and amino acid transport in response to the availability of nutrients in their culture medium (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . These changes in the rates of nutrient transport in response to nutritional shifts have been termed "adaptive" (6, 7) and have been found to be related to changes in the number offunctional carriers (1, 3, 5, 9) . Under normal culture conditions, the control ofthe number ofcarriers in Nil hamster cells appears to be a balance between carrier synthesis and carrier inactivation (5, 8) . When new carrier synthesis is blocked by including cycloheximide (or puromycin) in otherwise unmodified culture medium, Nil cells lose as much as 95% oftheir hexose transport and about 50% oftheir A-system amino acid transport capabilities within 24 hr (4, 5, 9, 10) . These losses ofactivity, irreversible without protein synthesis, suggest a degradative (perhaps proteolytic) mechanism of inactivation (5, (8) (9) (10) .
Several. indirect observations support the inference of the involvement ofproteolytic degradation ofcarriers in the control: (i) decreases in carrier activity are accompanied by decreases in the Vm. for transport with little, if any, changes in Km (8);
(ii) carrier inactivation is irreversible without protein synthesis (unpublished data); and (iii) excess levels ofcycloheximide, previously shown to interfere with protein degradation in autophagic vacuoles (12) , block the loss ofcarrier activity (4, 5) . More direct evidence came from the observation that changes in the activity of the lysosomal cathepsins of the sulfhydryl-requiring group (cathepsins B1, H, and L) were accompanied by exactly opposite changes in hexose transport activity (13) . The inverse relationship between transport activity and thiol cathepsin activity (13) suggested that hexose and amino acid carriers are inactivated when lysosomal cathepsin Bl-like proteases are functional and are spared degradation when these proteases are not functional (8, 13) .
In this report, we present evidence demonstrating that thiol cathepsin activity can be affected in situ by including the readily reversible sulfhydryl blocking reagent.cyanate or the lysosomotropic ammonium ion in. the culture medium for 24 hr. When present in the culture medium along-with cycloheximide, these reagents also arrest cycloheximide-induced losses ofhexose carrier activity. This evidence reinforces the idea that thiol cathepsins may be involved in the regulation of hexose transport activity in animal' cells (13 (5) . In transport kinetics experiments, the transport of D-galactose (0.1-1 mM) was for 15 sec at room temperature after exposure of the cells to 0.5 mM Nethylmaleimide (MalNEt).for 15 min at 37GC in order to inactivate the intracellular galactokinase (8) . Uptake and transport were corrected for simple diffusion/adsorption of the hexoses by subtracting the molar equivalents ofthe L-glucose associated with each assay from. the molar equivalents of D-galactose (8 (1, 3, 5) that carrier inactivation could be distinguished from other potential control mechanisms (e.g., carrier synthesis resulting from derepression) by including cycloheximide (1-10 Ml/ml in Dulbecco's medium) for 18-24 hr. At these concentrations, cycloheximide arrested protein synthesis by more than 90% and promoted the loss of 80-90% of the hexose carrier activity (4). (20) . (Table 5 ). ,3-Glucuronidase was unaffected by exposure ofthe cells to the sulfhydryl reagents. The cathepsin(s) from the cyanate-treated cells showed an increase in activity compared with the activity from the control cells. Even though the increase in activity (25%) was within experimental error, the apparent protective effect of the reversible sulfhydryl reagent on the thiol cathepsin(s) was consistent and similar to the effect seen in Table 3. DISCUSSION It has been suggested that control of nutrient transport in cultured animal cells involves a catabolically controlled balance between carrier synthesis and carrier degradation (4, 5, 8, 13, 22) . This model ofregulation is based primarily on two findings: (i) animal cells totally deprived ofD-glucose for 18-24 hr require protein synthesis in order to develop severalfold enchanced (derepressed) rates ofhexose and A-system amino acid transport (1, 3-5, 8-10, 22) , and (ii) cells maintained in the presence of cycloheximide (to inhibit new carrier synthesis) and D-glucose progressively lose carrier activity over a culture period of 18-24 hr (4, 5, 8, 9) . Although some form of cellular energy is required for carrier inactivation (11), glycolysis does not appear to be solely involved in this aspect of the carrier regulation (4, 5, 11) . There is evidence to indicate that a macromolecular comtThe resistance to reversal of the carbamoylation by addition of excess dithiothreitol (or L-cysteine) was a consistent finding. In the presence of 2.5 mM L-cysteine (in the BANA hydrolysis assay), 40-50 ,uM cyanate caused 50% inhibition of the cathepsin activity (unpublished data). Similarly, only 0.2 mM mercuric chloride was required to inactivate 50%o of the cathepsin activity, and 1 mM iodoacetate (or iodoacetamide) caused >95% inhibition of the cathepsin activity under the same conditions. Phenylmethylsulfonyl fluoride (1 mM) had no effect on the activity of the cathepsins in the BANA hydrolase assay (unpublished data). Lysate protein (approximately 3 mg/ml in pH 6 buffer) was incubated in the presence of 0.5 mM L-cysteine at 40'C for 10 min in order to reduce the thiol cathepsin enzymes. The sample was then divided into two equal volumes; one was made 10 mM in cyanate, andthe otherreceived the same volume of pH 6 buffer.
The two samples were then incubated at 400C for 30 min. Half of the portion that had been preincubated in pH 6 buffer was made 10 mM in MaINEt, and the other half received the same volume of pH 6 buffer (control). The sample that had been preincubated in cyanate was also divided into two equal volumes; one was made 10 mM in MalNEt and the other received pH 6 buffer. At this point, all volumes were equal and the four samples were incubated at 40°C for 15 min. At the end of this preincubation time, all samples were made 20 mM in dithiothreitol and aliquots from each sample were immediately assayed for cathepsin B activity (t = 0). Additional aliquots of the preincubation mixes were removed, placed in stoppered tubes, and allowed to stand at room temperature for 4 hr (t = 0, no dialysis). The remainders of the four preincubation mixtures were placed in dialysis bags and dialyzed for 4 hr at room temperature against four changes of 100 vol of pH 6 buffer containing 2.5 mM L-cysteine (t = 4, with dialysis). Aliquots were assayed in the standard 10-min preincubation/30-min assay. Values shown are the means ± SD of quadruplicate assays. Relative values are in parentheses.
ponent (presumably a protein that is irreversibly inactivated during glucose starvation) is also required (4, 5, 8, 10, 13) . The possibility that a labile protease could be such a macromolecular component ofthe carrier control mechanism has been suggested (5, 8, 10) . Subsequently, it was found that cathepsin B was irreversibly inactivated during glucose starvation and that the reappearance of the enzyme activity in cell-free lysates (after administration of glucose to the starved cells) required protein synthesis (13) . However, more direct evidence that cathepsins (or intracellular proteases) might be involved in transport control was required.
By taking advantage of the observation that >90% of hexose carrier activity can be lost within 24 hr when Nil cells are cultured in the presence of D-glucose and cycloheximide (4, 5, 8) , a means of studying catabolically controlled degradation of car- Triplicate cultures in 100-mm dishes were exposed to 1 mM MalNEt, 10 mM cyanate, or 1 mM MalNEt plus 10 mM cyanate by addition of 300 ,ul of concentrated reagent solutions to 15 ml of the culture medium. Control cultures received 300 ul of phosphate-buffered saline.
After the cultures were incubated at 370C for 2 hr, 1 ml of 300 mM dithiothreitol was added to each dish. After mixing, 300 ,ul of MalNEt was added to the medium of the control and cyanate-treated cultures (final MalNEt concentration, 1 mM) and 300 ,pl of cyanate was added to the control and MalNEt-treated cultures (final cyanate concentration, 10 mM). The medium was removed and the cultures were washed three times with 5 ml of phosphate-buffered saline and once with 5 ml pH 6 buffer. The cells were scraped into 3 ml of pH 6 buffer and lysed by freezing and thawing. BANA hydrolase assays for each dish were done in quadruplicate; assays for 3- The irreversible inactivation of the thiol cathepsins in the NH4Cl-treated cells probably relates to ammonia-induced increases in intralysosomal pH. During the long (24 hr) exposure of cells to ammonium salts, accumulation of ammonia in the lysosomes was evident by microscopic examination of the cultures. Cultures exposed to NH4+ contained cells with numerous clear and distended vacuoles, indicating that water had been taken up by the lysosomes in response to a change in the intralysosomal ion balance (23) . It is known that even during short (2 hr) exposures of cultured cells to ammonia there are significant increases in the intralysosomal pH concomitant with the accumulation of ammonia in the lysosomes (24) . The increase in pH over the long culture period might have been sufficient to cause inhibition of the acid hydrolases cathepsin B and fglucuronidase in situ. Cathepsins B1 and L are known to be irreversibly inactivated at near neutral pH (15, 16) . In contrast to the mechanism of ammonia-induced inactivation, the inhibition of thiol cathepsins by cyanate appears to have been the result of a reversible carbamoylation of essential sulfhydryl groups on the thiol cathepsins. The strongest support for the involvement of sulfhydryl groups in the inactivation process came from the cyanate competition with MalNEt for the SHgroups that was revealed in the dialysis part of the experiment shown in Table 4 and in the experiment shown in Table 5 .
With these results taken together, it seems reasonably certain that the thiol cathepsins are involved in at least part of the hexose carrier regulation mechanism in animal cells. Whether one or all of the thiol cathepsins (B1, H, and L) is (or are) involved in the inactivation of carriers is not known. Moreover, because cells have a wide variety of proteases with pH optima at acid and neutral pH, it is important to keep in mind that other intracellular proteases may also be involved in the carrier inactivation mechanism.
Are lysosomes involved in hexose transport regulation? Although the evidence does suggest the involvement ofcathepsins in the carrier regulation, two prominent (perhaps related) problems accompany the model of lysosomal enzyme interactions with plasma membrane carriers. The first is the role of energy in the overall process. It has been reported that inactivation of oxidative phosphorylation by 2,4-dinitrophenol or oligomycin promotes the enhancement of hexose transport and, similar to the effects of ammonia and cyanate, these inhibitors block the cycloheximide-associated loss of carrier activity (11) . Sodium fluoride also blocks the cycloheximide-related inactivation of carriers, further implying an energy requirement in the inactivation process. The exact nature of the energy requirement for carrier inactivation is not known.
The second problem in the model involving lysosomes in the carrier inactivation process relates to the mechanism by which the carriers and the proteases come into 
